148 words) 1 AMPA receptors in the CNS are normally impermeable to Ca 2+ but aberrant expression of 2 Ca 2+ -permeable AMPA receptors (CP-AMPARs) occurs in pathological conditions such as 3 ischemia or epilepsy, or in degenerative diseases such as ALS. Here we show that select 4 populations of retinal ganglion cells (RGCs) similarly express high levels of CP-AMPARs in 5 a mouse model of glaucoma. CP-AMPAR expression increased dramatically in both α On 6 and α transient Off RGCs, and this increase was prevented by genomic editing of the 7 GluA2 Q/R site. α On RGCs with elevated CP-AMPAR levels displayed profound synaptic 8 depression, which was reduced by selectively blocking CP-AMPARs, buffering Ca 2+ with 9 BAPTA, or with the CB1 antagonist AM251, suggesting that depression was mediated by a 10 retrograde transmitter which might be triggered by influx of Ca 2+ through CP-AMPARs.
Introduction 1
Glaucoma is a neurodegenerative disease of retinal ganglion cells (RGCs) often 2 associated with elevated intraocular pressure (IOP). Several mouse models have been 3 developed to induce IOP, including injection of microspheres which reduce aqueous 4 outflow through the trabecular meshwork, causing a long lasting increase in ocular 16 29±5% of the total peak to peak current (thin to thick lines), compared to 13±3% in α Off 17 transient RGCs (Fig. 1C) . In some cells, identification of cell type was confirmed by filling 18 with Neurobiotin and examining the layer of termination of the dendrites (van Wyk et al., 19 2009; Bleckert et al., 2014) .
20
We determined if CP-AMPARs contribute synaptic transmission from bipolar cells 21 to either α Off sustained or transient RGCs by measuring the IV relationship of the light 22 response in both types of cells. NMDA receptors were blocked with D-APV (50 µM), and 23 feed forward inhibition was blocked with strychnine and picrotoxin to avoid contamination 24 of the I-V relationship with non-AMPA currents. Spermine (500 µM), which selectively 25 blocks CP-AMPARs at positive, but not negative holding potentials (Bowie and Mayer, 26 1995; Kamboj et al., 1995; Koh et al., 1995) , was included in the pipet solution. An RGCs taken from eyes with normal ocular pressure, as the amplitude of the light response 1 was not diminished at positive voltages.
2
As a second method for estimating CP-AMPAR expression, we puffed AMPA onto 3 the dendrites of RGCs. To confirm the identity of RGC cell type, we crossed Kcng4 cre/cre 4 mice with a line in which a floxed STOP cassette prevents transcription of Td-tomato (Ai9, 5 Jackson labs). This line labels α RGCs, both On and Off types (Duan et al., 2015; Krieger 6 et al., 2017) , in addition to at least one population of bipolar cell (Duan et al., 2014) . We 
18
We obtained similar results when measuring the IV relations of both light and 19 AMPA evoked currents in α sustained Off RGCs (Fig. 2D,E) . The amplitude of both types 20 of responses were linear between holding potentials of -70 to +70 mV. The rectification 21 index measured using either light or puffs of AMPA, were not significantly different, and 22 both approached unity ( Fig. 2F ; RI puff : .87±.03, n=8; RI light : .94±. 01, n=5, p=0.22) . Taken 23 together, it appears that endogenous and exogenous activation target the same, or largely 24 overlapping AMPA receptor populations. In subsequent figures, data from both 25 approaches are pooled.
26

OHT selectively causes remodeling of AMPARs in α transient Off RGCs
27
We wanted to determine if chronic ocular hypertension (OHT) contributes to a change in 28 AMPAR expression in α RGCs. We first focused on α Off type cells, using light and AMPA 29 in combination with intracellular spermine to probe for changes. Mice were injected with 30 microspheres in one eye ( Fig 3A) , while the other eye was either sham injected, or 31 uninjected, serving as a control. Intraocular pressure (IOP) of both eyes was subsequently 32 7 monitored (see methods for details). A clear elevation in IOP was observed in the bead-1 injected eye (~25% increase vs. control eye, p<0.0001), and persisted at day 18, the last 2 time point that measurements were taken ( Fig. 3B ). Experiments were carried out on eyes 3 following 14-21 days of OHT. An example of responses to light ( 3E. The rectification index for cells from normal eyes was 0.97±.04 (n=14) compared to 9 0.52±.03 in retinas from HT eyes (n=13), a highly significant difference (p<0.0001). Thus, 10 α Off RGCs undergo a dramatic reorganization of synaptic AMPA receptors in response to 11 2-3 weeks of OHT.
12
We performed similar experiments on α Off sustained cells. Recordings from 13 sustained cells were obtained side by side with transient cells, from the same retinas. In 
22
OHT also increases CP-AMPAR expression in α On RGCs
23
To probe for changes in AMPAR expression in α On RGCs driven by OHT, we activated 24 AMPA receptors using two different strategies. As with α Off RGCs, we puffed AMPA 25 directly onto the dendrites of α On RGCs. To activate receptors using endogenous 26 synaptic input we made use of an optogenetic approach, crossing Cck-ires-cre mice to the 27 Ai32 mouse line, which harbors ChR2 downstream from a floxed STOP cassette (Tien et   28 al., 2017) . This strategy confines expression of ChR2 to a single type of bipolar cell, cone 29 bipolar type 6, which provides the majority of input to α On RGCs (Schwartz et al., 2012) .
30
To block the potential contribution of photoreceptor input to the optogenetic stimulation of 31 type 6 bipolar cells, the mGluR6 agonist L-AP4 (10 µM) was included in the bath along 1 with D-APV, picrotoxin and strychnine. Responses of two α On RGCs to either puffs of 2 AMPA (Fig. 4A , left) or 1 ms optogenetic stimulation of type 6 bipolar cells ( Fig. 4A , right), 3 taken from eyes with normal IOP, are shown at three different holding potentials.
4
Regardless of whether total AMPARs (using puffs of exogenous AMPA) or synaptic 5 AMPARs (optogenetic stimulation) were examined, responses at positive voltages were 6 nearly equal in magnitude to those recorded at negative voltages, indicating that CI-7 AMPARs were highly expressed at synaptic and extrasynaptic sites between type 6 bipolar 8 cells and α On RGCs under normal conditions ( Fig. 4C RI=.70±0.03, n=24).
9
We next determined whether OHT induced remodeling of AMPARs in α On RGCs. 
19
Editing of GluA2 plays a role in OHT-dependent remodeling of AMPARs
20
We next investigated the mechanism by which OHT increased CP-AMPAR expression.
21
One potential mechanism is the replacement of AMPA receptors that contain the GluA2 22 subunit with receptors that do not. The second is a reduction in RNA editing of the Q/R site 23 in the pore forming region of the GluA2 subunit, which would in turn reduce editing of 24 glutamine to the positively charged arginine that prevents Ca 2+ from passing through the 25 channel. To distinguish between these two possibilities, we examined the effect of 26 hypertension in a double mutant mouse line in which the enzyme responsible for RNA 27 editing of GluA2, ADAR2, has been knockout out (MMRRC; Adarb1:Gria2, here 28 abbreviated GluA2 R/R ). Since this is ordinarily a lethal mutation, a second mutation is the RGCs in GluA2 R/R mice was nearly absent, and significantly different from bead treated 6 mice with wildtype GluA2 (Fig. 5E, p<0 .0001 vs. OHT GluA2 wt), but not significantly 7 different from mice with normal IOP (p=0.265).
8
Genomic editing of GluA2 also reduced rectification in α On RGCs of OHT mice, 9 but the effect was more subtle. AMPA-evoked responses were smaller at positive voltages 10 than at negative voltages, indicating the presence of rectification ( Fig 6B) . However, the I-
11
V relation of α On RGCs of GluA2 R/R mice with OHT rectified substantially less than the I-V 12 relation of α On RGCs from wildtype mice with OHT ( Fig. 5D , wildtype I-V replotted from 13 figure 4), and the difference in rectification between these two groups was highly 14 significant ( Fig. 5E ; GluA2 R/R RI=.64±.04, n=10; wildtype RI=.47±.02, n=24; p=0.0006).
15
Furthermore, there was no significant difference in IV rectification between α On RGCs 
23
As expected, no differences in CP-AMPAR expression were observed in α Off 24 sustained RGCs from GluA2 R/R mice with elevated IOP compared with control mice with 25 normal or elevated IOP.
26
Elevation of CP-AMPAR expression is associated with a decrease in gain at the type 27 6 bipolar-α RGC synapse.
28
A decrease in the gain of light responses of α On RGCs has been reported following 29 elevation of IOP (Della Santina et al., 2013; Pang et al., 2015) , but the mechanism or 30 specific site responsible for the decrease has not been determined. Optogenetic 31 stimulation of presynaptic type 6 bipolar cells affords the opportunity to isolate changes in 1 the bipolar cell-ganglion cell synapse that are driven by OHT. We stimulated type 6 bipolar 2 cells in normal and OHT eyes, varying the voltage of the input driving the LED to control 3 the light intensity and subsequent bipolar cell type 6 depolarization, and recorded the 4 resulting EPSCs in α On RGCs to generate an "intensity"-response function (Fig. 6A ).
5
When the same light intensities were used to evoke EPSCs in α On RGCs from 6 hypertensive eyes, responses were reduced or absent at lower stimulus intensities 7 compared to normal retinas ( Fig. 6B ). However, responses between the two groups were 8 not significantly different at high stimulus intensities. The relationship between the LED 9 input voltage and α On EPSC was highly repeatable across cells from normal and OHT 10 eyes, and a good fit to the response relationship for both conditions could be obtained 11 using a standard Hill function ( Fig. 5D , control vs. OHT). Thus, OHT decreases synaptic 12 gain at lower stimulus strengths, and increases CP-AMPAR expression at the type 6 13 bipolar-α On RGC synapse, raising the possibility that the two effects might be causally 14 related.
15
To gain more insight into this possibility, we sought an alternative model in which 16 CP-AMPAR expression is increased in the absence of OHT. High frequency stimulation of 17 the bipolar-α On RGC synapse causes rapid insertion of CP-AMPARs through a 18 mechanism that involves NMDARs (Jones et al., 2012) . In the present study, experiments 19 were carried out in room light, and D-APV was always present in the bath to block insertion 20 of CP-AMPARs. In the absence of the NMDAR antagonist, the rectification index was 21 0.45±.03 (n=35, p<0.0001 compared to retinas treated with D-APV), indicating that room 22 light alone is sufficient to cause substantial insertion of CP-AMPARs when NMDARs are 23 not blocked. We therefore asked whether synaptic gain was decreased at synapses where 24 NMDAR-dependent plasticity had been induced. Similar to synapses from retinas with 25 OHT, we observed a decrease in EPSC amplitude at low stimulus intensities ( Fig. 6C ).
26
The relationship between EPSC amplitude and stimulus intensity was similar when CP-
27
AMPAR expression was elevated either by NMDAR-dependent plasticity or by OHT ( Fig. 
28
6D). Both OHT and NMDAR plasticity raised the stimulus intensity required to evoke 50% 29 of the maximum EPSC (I 1/2 ) compared to cells from retinas with normal IOP in the 30 presence of D-APV ( Fig. 6E ). To further quantify the relationship between CP-AMPAR 31 expression and synaptic gain, we plotted the rectification index of each cell in all three 32 11 groups vs. the reciprocal of I 1/2 ( Fig. 6F) . Surprisingly, the relationship between these two 1 parameters was highly correlated across groups (R 2 = 0.61, p=1.7X10 -8 ); α On RGCs with 2 high levels of CP-AMPAR expression had lower synaptic gain, and this relationship was 3 agnostic to the conditions the cell had experienced. These experiments support the idea 4 that a decrease in light sensitivity associated with elevated ocular pressure is a 5 consequence of CP-AMPAR expression at the type 6 bipolar-α On RGC synapse. 18 exponential, similar to the kinetics of recovery from depletion at rod bipolar cell terminals 19 (Singer and Diamond, 2006; Wan and Heidelberger, 2011) , and at climbing fiber 20 presynaptic terminals in cerebellum (Dittman and Regehr, 1998).
21
We performed paired pulse experiments on α On RGCs from OHT eyes with 22 elevated CP-AMPAR expression ( Fig. 7B ). At high stimulus intensities, paired pulse 23 depression at an interval of 50 ms was similar for normal and OHT eyes. At this interval 24 the ratio of the second to first EPSC was 0.53±.06 for normal eyes, and 0.51±.05 for OHT 25 eyes (p=0.83), suggesting that the initial release probability at type 6 bipolar cells under 26 both experimental conditions is essentially the same. When we examined the PPR at 27 longer intervals, we obtained a surprising result: Subsequent EPSCs were dramatically 28 reduced compared with EPSCs at similar time intervals in normal retinas (compare 29 responses indicated by arrows and insets). In normal retinas, the EPSC evoked at 200 ms 30 recovered to 78±2% of the first EPSC, but only to 49±3% of the first EPSC in OHT eyes 31 ( Fig. 7C, p<0 .0001). The slowed time course of the recovery from paired pulse depression 12 of α On RGCs in hypertensive eyes can be explained by the addition of a delayed 1 component of EPSC suppression superimposed on the recovery of EPSC from vesicle 2 depletion. The delay in EPSC suppression varied slightly from cell to cell, but reached a 3 peak at 150-250 after the initial stimulus ( Fig. 7C, inset) . At an interval of 2 seconds, the 4 EPSC in OHT eyes was still significantly suppressed relative to control animals. This 5 delayed suppression of the EPSC persisted in the presence of the GABA c antagonist 6 TPMPA, ruling out inhibitory feedback from amacrine cells as a potential mechanism.
7
To quantify the relationship between this form of delayed synaptic depression and 8 CP-AMPAR expression, we compared the paired pulse ratio (PPR) at 200 ms with the RI 9 for each cell. We pooled cells from normal and OHT eyes, using only RI as a variable. The On RGCs with high CP-AMPAR expression (RI< 0.4) prevented delayed synaptic 20 depression (Fig. 8A ). The kinetics of recovery in these cells ( Fig. 8C , τ fast =81 ms, τ slow =2.0 21 s) were similar to α On RGCs that had low CP-AMPAR expression ( Fig. 7) . Retrograde 22 signaling is often mediated by release of endocannabinoids, which act on presynaptic CB1 23 receptors. To determine if CB1 receptors play a role in the delayed suppression of EPSCs 24 observed at α On RGCs, we applied 2 µM AM251, a CB1 antagonist, to the retina and 25 measured the paired pulse ratio. To ensure that AM251 had sufficient time to penetrate the 26 tissue, and because washing out of AM251 is slow, the antagonist was continuously 27 perfused into the retina, and cells with high CP-AMPAR expression were chosen.
28
Incubation of retinas with AM-251 also prevented delayed EPSC suppression ( Fig. 8B ).
29
The kinetics of recovery from paired pulse depression were similar to cells recorded with 
11
RGCs. Furthermore, we find that remodeling of AMPARs is absent in RGCs from mice in 12 which the Q/R site is genetically altered to arginine. This finding supports the idea that a 
OHT has also been shown to increase CP-AMPAR in RGCs of rat retina through a 12 mechanism involving TNF-α (Cueva Vargas et al., 2015) . However, TNF-α appears to 13 increase CP-AMPAR expression by a down regulation of GluA2, rather than altering 14 ADAR2 editing. In that study, the authors reduced outflow through the episcleral veins, 15 resulting in an increase in IOP that was 2-fold higher than the IOPs achieved in the present 16 study. Perhaps a larger increase in IOP recruits additional mechanisms of AMPAR 17 remodeling. Furthermore, the authors of that study did not identify the affected RGC 
20
In contrast to maladaptive CP-AMPAR expression under pathological conditions, 21 adaptive changes in CP-AMPAR expression are an essential component of many forms of 22 long and short-term plasticity that involve recruitment of existing or newly synthesized 23 GluA2-lacking receptors (Ju et al., 2004; Clem and Barth, 2006; Sutton et al., 2006) . In α 24 On RGCs, a rapid NMDA-dependent increase in CP-AMPAR expression has been 25 described previously (Jones et al., 2012) and was revealed in the present study by 
18
The delayed suppression of EPSCs that we observed in OHT and NMDA-treated 19 retinas shares some properties of depolarization-induced suppression of inhibition (DSI) 20 (Pitler and Alger, 1992, 1994) Precision Instruments). Following the injection, the antibiotic ciprofloxacin was applied to 28 the eye. Control retinas were either from uninjected or sham injected eyes. No statistical 29 difference in results were observed between these two groups. IOP measurements were 30 made in both eyes with the TonoLab tonometer beginning 1-2 days prior to bead injection and once every 3 days for 18 days after injection. IOP was measured in anesthetized 1 animals.
2
Preparation of the retina. For experiments that measured light responses, mice were dark 3 adapted overnight before killing them with CO 2 inhalation followed by cervical dislocation.
4
Retinas were isolated under dim red light and retinas were incubated in a solution 5 containing collagenase and hyaluronidase dissolved in oxygenated (95% O 2 and 5% CO 2 ) 6 Ames media (Sigma-Aldrich) at room temperature 15-30 minutes to aid in penetration of 7 the inner limiting membrane (Schmidt and Kofuji, 2011) . Retinas were then mounted in the 8 recording chamber and held in place with a slice anchor (Warner Instruments) and 9 perfused with Ames bubbled with 95% O 2 and 5% CO 2 at a rate of 4-6 ml/min. For 10 optogenetic and puffing experiments, mice were dark adapted for one hour prior to 11 sacrifice, and all manipulations were carried out in room light.
12
Imaging. 10 µM Alexa488 Hydrazide (ThermoFisher; catalog #A10436) and 0.5% 
24
Optogenetic activation of AMPA currents. ChR2 was activated with a 1 ms activation of a 25 490 nm LED (Sutter Instruments). To measure responses over a range of type 6 bipolar 26 cell membrane depolarizations, the voltage driving the led was regulated using a computer 27 controlled analog input to the LED. We used 5 voltages (0.25 V, 0.5 V 1 V, 2 V, 2.5 V). The
28
LED intensity at each voltage, measured using a spectrophotometer (Thor Labs), was 29 stable over the time period over which these experiments were performed. To prevent 30 photoreceptor inputs, L-AP4 (10 µM) was included in the bath along with the standard 31 antagonist cocktail.
19
Activation of AMPA currents with AMPA. To apply AMPA we used a second pipet coupled 1 to a positive pressure device (Picospritzer, Parker). For α On RGCs, the puffer pipet was 2 positioned at the surface of the retina. For α Off RGCs, the puffer was advanced into the 3 retina. Even before identification of cell type was confirmed anatomically, α On cells could 4 be readily identified by the more rapid onset and decay of AMPA responses compared 5 with Off α RGCs, whose dendrites ramify more deeply in the IPL. The continuous flow of 6 Ames media from a locally positioned capillary tube (ID 200 µm, Polymicro Technologies) 7 dramatically increased the rate of diffusion of AMPA from the tissue following each puff.
8
Puffs of AMPA were applied at 20 second intervals to insure sufficient time for washout 9 from the tissue.
10
Experimental design and statistical analysis. Analysis was performed using AxoGraph X 11 and KaleidaGraph (Synergy Software) software. The rectification index (RI) we calculated 12 by first fitting the currents obtained at negative holding potentials with a linear regression.
13
The RI was the ratio of the amplitude of the current evoked at +48 mV was to the current 14 amplitude at the same voltage predicted by the regression. We chose +48 mV rather than 15 +68 mV as the test voltage, as some cells showed a reduced spermine block at the more 
